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ABSTRACT
Developing electrochemical energy storage and conversion systems, such as capacitors, bat
teries, and fuel cells is crucial to address rapidly growing global energy demands and environ
mental concerns for a sustainable society. Significant efforts have been devoted to the 
structural design and engineering of various electrode materials to improve economic applic
ability and electrochemical performance. The yolk-shell structures represent a special kind of 
core-shell morphologies, which show great application potential in energy storage, controlled 
delivery, adsorption, nanoreactors, sensing, and catalysis. Their controllable void spaces may 
facilitate the exposure of more active sites for redox reactions and enhance selective adsorp
tion. Based on different nanoarchitectonic designs and fabrication techniques, the yolk-shell 
structures with controllable structural nanofeatures and the homo- or hetero-compositions 
provide multiple synergistic effects to promote reactions on the electrode/electrolyte inter
faces. This review is focused on the key structural features of yolk-shell architectures, high
lighting the recent advancements in their fabrication with adjustable space and mono- or 
multi-metallic composites. The effects of tailorable structure and functionality of yolk-shell 
nanostructures on various electrochemical processes are also summarized.

This review highlights recent advancements of yolk-shell architectures with adjustable void and 
composites for electrochemical applications.

IMPACT STATMENT
Significance of this work: The yolk-shell nanostructures represent a unique scaffold with 
combined advantages, such as low density, large surface area, high loading capacity, bi- 
functional interior/exterior, tunable void space and multi-sized porous shell. These structural 
features showed great significance in enhancing the activity of electrodes and rendering 
unexpected high performance in the electrochemical processes. This review highlighted the 
state-of-art progress of the yolk-shell nanostructures with different compositions and archi
tectures for main electrochemical applications and summarized the yolk-shell electrodes 
according to the architectural types to make a clear relationship of morphology-fabrication- 
functions.
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1. Introduction

With continuously growing energy demand and more 
concerns about environmental sustainability, the 
development of green and effective energy conver
sion/storage systems keeps attracting great attention 
in the fields of chemistry, materials, and nanoscience. 
[1,2] Advanced energy conversion/storage systems 
include capacitors, batteries, fuel cells, solar cells, 
water electrolysis and high-value chemicals produc
tion. [3–6] Although based on different working 
mechanisms, these systems rely on electrochemical 
processes that primarily take place at the electrode- 
electrolyte interfaces. Therefore, the rational design of 
electrodes with diverse compositions, morphologies, 
dimensions, and state-of-the-art architectures is cru
cial and a primary task for the high performance of 
electrochemical devices.

Nanoarchitectonics by manipulating atoms, mole
cules, and nanomaterials as building blocks in nanos
cale, can be a universal way to create functional 
material systems and also promote the evolution of 
material civilization. [7–9] Yolk-shell structures repre
sent a special kind of core-shell structure with sepa
rated core and shell materials. Compared to 
conventional core-shell structures, yolk-shell struc
tures feature a larger cavity, which may act as nano- 
reactors to enhance the enrichment of external mole
cules and facilitate better contact with active sites. 
[10,11] It, in turn, could enhance the selective

adsorption and catalytic efficiency. By manipulating 
the yolk, shell, and void structures or components in 
nanoscale, it is possible to achieve a versatile modula
tion of reaction activity, stability, recyclability, and 
multifunctionality. Researchers have developed var
ious fabrication strategies for yolk-shell nanostruc
tures with different compositions and nanofeatures. 
Based on the structural characteristics, the designed 
architectures can be briefly classified into the follow
ing categories: (i) Single yolk/single shell; (ii) Multi- 
yolks/single shell; (iii) Single yolk/multi-shells; and 
(iv) Multi-yolks/multi-shells (Figure 1). The composi
tion and structures of the yolk and shells could be the 
same or different. The morphology of yolk-shell 
nanostructures may also be spherical or non-spherical. 
Focused on the key structural features of yolk-shell 
architectures, this review highlights the recent 
advancements in their fabrication with adjustable 
space and mono- or multi-metallic composites. The 
effects of tailorable structure and functionality of yolk- 
shell nanostructures on various electrochemical pro
cesses are also summarized.

2. Fabrication strategies for yolk-shell 
architectures

Since the first report of the yolk-shell nanostructure 
[12], its unique structure has attracted the growing

Figure 1. The scheme for various yolk-shell architectures for electrochemical applications.
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interest of researchers across different fields. [13–16] 
Yolk-shell nanostructures have demonstrated great 
potential in applications of energy storage, controlled 
delivery, adsorption, nanoreactors, sensing, and cata
lysis, which inspire researchers to develop fabrication 
strategies for yolk-shell structures, especially in the last 
decade. [17–20] These strategies can be simply classi
fied into template-assisted and template-free path
ways, [10,21] whose mechanisms include selective 
etching or dissolution, Kirkendall effect, Ostwald 
ripening, ship-in-bottle, galvanic replacement, etc. By 
integrating various molecular design techniques and 
post-treatments, a diverse range of yolk-shell struc
tures with controlled hierarchical nanoarchitectures 
can be fabricated. This section will outline the typical 
fabrication techniques for yolk-shell architectures 
according to their specific morphology types. We 
intend to provide clear instructions for an alternative 
fabrication pathway to create the desired yolk-shelled 
nanostructures for electrochemical applications.

2.1. Single yolk/single shell nanostructures

The single yolk/single shell nanostructures should be 
the simplest and most common yolk-shell architec
ture. They should also be the basis for other types of 
yolk-shell structures, which could be fabricated by 
either template-assisted or template-free methods. 
Since only one yolk is present, most structures are 
derived from their corresponding core-shell struc
tures. Voids between the core and shell are formed 
by selectively removing certain shells or partial cores. 
For example, Hsu’s group prepared Au-Cu7S4 yolk- 
shell nanostructures by depositing Cu2O on Au nano
particles with a diameter of 15 nm and sulfidation 
treatment. [22] The conversion of Cu2O to Cu7S3 led 
to the void formation in the Au-Cu2O core-shell par
ticles. The void size was controlled in the range of 
40–64 nm by the thickness of the Cu2O shell. The 
shell of Au-Cu7S4 yolk-shell spheres may also convert

into other metal sulfides, such as CdS, ZnS, Ni3S4, 
through facile cation exchange (Figure 2). [23,24] 
Lim and Baeck et al. fabricated the yolk-shell-struc
tured SiO2@N, P co-doped carbon spheres 
(SiO2@NPC) from SiO2@polypyrrole core-shell parti
cles. [25] The shell of N, P co-doped carbon spheres 
was transformed by in-situ thermal phosphidation 
and carbonization of polypyrrole. The void space in 
SiO2@NPC was controlled by partial etching of the 
SiO2 core in different amounts of dilute HF solution. 
Due to the effects of heteroatom doping in the carbon 
shells and the presence of a void cavity, the SiO2@NPC 
electrode showed improved electrochemical proper
ties and cycling performance.

For most electrodes with yolk-shell structures, the 
yolk and shell materials are metals or doped carbons to 
ensure proper conductivity. Due to the high cost and 
scarcity of precious metals, researchers have paid more 
attention to developing efficient non-precious metal elec
trode materials in recent years, which include transition- 
metal oxides, layered double hydroxides, sulfides, sele
nides, and phosphides. [26–29] These electrodes possess 
excellent electrical conductivity, catalytic activity, and 
electrochemical stability, [30,31] making them promising 
alternatives to Pt in catalyzing redox reactions.

Nickel phosphide has been proven an efficient alter
native catalyst by its unique electronic properties and 
superior corrosion resistance. [32] Ni2+ and glycerol 
may self-assemble into Ni-glycerate solid spheres. 
[33,34] Based on the Ostwald ripening mechanism, 
[35] the particles with higher solubility and smaller 
sizes tend to grow into larger aggregates in the sol
vothermal process. This would cause the formation of 
interior hollow space in the spheres. The composition 
of the yolk and shell is thus the same from this forma
tion process. Using Ni-glycerate yolk-shell spheres as 
templates, Wang et al. fabricated a novel yolk-shelled 
Ni2P/C nanospheres as electrocatalysts toward urea 
oxidation reaction (UOR) (Figure 3). [36] By the phos
phidation treatment, the yolk-shell structure could

Figure 2. Synthesis of yolk-shell Au@Cu7S4, Au@CdS, Au@ZnS, and Au@Ni3S4 from the core-shell Au@Cu2O particle. Reproduced 
with permission from ref. [23] copyright 2019 Elsevier.
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change to a Ni2P/C hybrid. The synergistic effect from 
the compositions and the unique hollow morphology 
made the yolk-shelled Ni2P/C nanospheres possess high 
conductivity for fast electron transfer and exhibit fast 
reaction kinetics for the UOR process.

By utilizing metal-glycerate solid spheres as the 
template, a variety of novel multi-metallic or other 
metal species yolk-shell structures can also be created, 
which include yolk-shelled amorphous Ni-Co-Mn sul
fide spheres, [37] yolk-shelled Co/Zn sulfide@N, S co- 
doped carbon spheres, [38] CoNi2S4 yolk-shell 
spheres, [39] yolk-shelled NiCo2O4/MnCo2O4 
spheres, [40] etc. This fabrication strategy thus may 
provide a facile platform to study the synergistic effect 
of different metal species. The size of particles and the 
void space of the derived yolk-shell structures are also 
adjustable in nano-dimensions.

Using metal-organic frameworks (MOFs) as host 
templates may facilitate the control formation of

different yolk-shell materials due to the well-defined, 
designable, and porous features of MOFs. Qian and 
Hou et al. fabricated a CoS2/N-doped C@Co-WS2 
yolk-shell nano-polyhedrons (CoS2/NC@Co-WS2 
YSNs) through the anion-exchange process of ZIF-67 
with (NH4)2WS4. [41] ZIF-67 acted as a self-sacrifice 
template. When reacting with (NH4)2WS4, WS4

2− and 
Co2+ from ZIF-67 combined on the surface of the 
template and gradually form yolk-shell ZIF-67@Co- 
WSx structure. After annealing, the resultant CoS2/ 
NC@Co-WS2 YSNs showed excellent electrochemical 
properties and high power conversion efficiency in 
dye-sensitized solar cells. The yolk-shelled structures 
may also directly grow from MOF-on-MOF hybrids 
via the interfacial growth-reorganization strategy. Liu 
and Yu et al. applied this strategy to construct various 
yolk-shell structures with controllable morphologies 
and components (Figure 4). [42] Using Fe-based 
NH2-MIL-88B or Ti-based NH2-MIL-125 as host

Figure 4. Synthesis of MOF-on-MOF yolk-shell structures by the interfacial growth-reorganization strategy. Reproduced with 
permission from ref. [42] copyright 2023 Elsevier.

Figure 3. Template-free solvothermal process for Ni-glycerol nanospheres and Ni2P/C hybrid yolk-shell spheres. Reproduced with 
permission from ref. [36] copyright 2021 Elsevier.
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templates, the corresponding yolk-shell structures 
with rod-like, octahedral, cake-like morphologies 
were obtained during the formation of CoZn-ZIF 
shell process mixing with polyvinylpyrrolidone 
(PVP), Co2+ and Zn2+. The void was proven to be 
induced by the recrystallization of CoZn-ZIF. 
Because of the relatively higher structural robustness 
of the outer CoZn-ZIF than the interior part joint with 
host MOF, the recrystallization may occur from the 
inside, resulting in an outward reorganization of 
CoZn-ZIF nanocrystals and in-situ transformation of 
the core-shell to yolk-shell structure.

In general, the activity of catalysts is related to the 
distribution size, surface area, hierarchical architecture, 
crystalline structure, and valence state. Recently, the 
critical role of structural defects in tuning the electronic 
states and interfacial interactions of electrocatalysts has 
aroused wide interest. [43,44] Coordination polymers 
(CPs), arranged by metal nodes and organic linkers in 
infinite networks, are prone to form inherent defects by 
misconnection or dislocation during the crystallization. 
[45] Therefore, defect engineering of CP frameworks 
may improve catalytic activity. Cao and He et al. devel
oped a reduction-induced dissolution-recrystallization 
(RIDR) strategy to synthesize a defect-rich cubic yolk- 
shell bimetallic CoFe Prussian-blue analogue (YS-PBA). 
[46] A mesostructured solid cubic CoFe-PBA (SC-PBA) 
assembled from Co3[FeIII(CN)6]2·10 h2O was used as 
the template. Under solvothermal conditions, the inter
nal moiety of the SC-PBA with the PVP protection layer 
on the surface dissociated slowly and formed concave 
hollow cubes. The released FeIII(CN)6

3− can be coordi
nately reduced to FeII(CN)6

4− and react with Co2+, 
which resulted in the formation of the yolk-shell 
CoFe-PBA with a composition of Co2FeII(CN)6. 
Various crystal lattice defects, like steps, corners, dis
locations, vacancies, and amorphous domains, may be 
generated during this structural transformation. The 
combination of distinct CP frameworks may also lead 
to the forming of porous yolk-shell electrocatalysts with 
multi-metallic compositions. [47,48] Bai’s group 
synthesized Co/Mn-ZIF@FeCoMn PBA yolk-shell 
composite at room temperature using Co/Mn-ZIF as

the template and anion exchanging with FeIII(CN)6
3− 

(Figure 5). [49] After being converted into amorphous 
hydroxide by the water oxidation process, the yolk-shell 
composite achieved a remarkable performance for the 
OER process.

Besides the formation of yolk-shell nanostructures 
from self-assembly strategies, which rely largely on the 
proper ligand designs, the carbon shell materials may 
also be derived from carbon waste from our daily lives. 
Zhang and Chen et al. proposed a simple and effective 
method to fabricate nanosized yolk-shell spheres of 
Co3O4@C by recycling plastic wastes (Figure 6). [50] 
With Co3O4 nanoparticles as the core, a mixture of 
plastics, including discarded masks (PP), plastic jars 
(PE), and foam sheets (PS) from daily life were used 
as carbon sources to form shells on the core surface. Via 
mixing, carbonization, and partial etching of Co3O4, 
a yolk-shell structure with a void space of about 30 nm 
was obtained with a high yield of 49 wt%. The obtained 
plastic-waste-derived yolk-shell Co3O4@C electrode 
showed a high electrochemical performance when 
used as the anode material for Lithium-ion batteries 
(LIBs). The void space could decrease the Li+ ion diffu
sion pathway and release the stress generated by the 
volume increase during Li+ transportation.

2.2. Multi yolks/single shell nanostructures

Yolk-shell nanostructures with multiple yolks always 
have yolks that are significantly smaller in size com
pared to those for single-yolk/single-shell nanostruc
tures. The active yolk with several nanometers or 
smaller sizes could enhance the catalytic efficacy due 
to higher surface energy. The relatively larger confined 
space for molecular encapsulation or reaction may also 
reduce the contact resistance between nano-yolks and 
favor exposure of active sites. The outer shells could 
protect the nano-yolks from easy aggregation or con
tacting external poisons and facilitate the recovery of 
nanocatalysts for prolonged usage. The thickness and 
porous structure of shells can be adjusted to optimize 
molecular transport and selective penetration.

Figure 5. Co/Mn-ZIF@FeCoMn PBA yolk-shell composite with abundant crystal defects using Co/Mn bimetallic MOF as templates 
and via anion exchange. Reproduced with permission from ref. [49] copyright 2023 Springer.
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The yolk-shell nanostructures with multi-yolks 
could not directly grow by self-assembly or crystal
lization processes. Templates (soft or hard) are needed 
to regulate encapsulation of multi-yolks in the yolk- 
shelled structures. The loading pathways of yolks can 
occur either before or after the formation of shells. 
Zuo et al. prepared the catalytic palladium nanoparti
cles (Pd NPs) embedded in hollow carbon spheres 
(Pd@HCS) via a sacrificial template method. [51] Pd 
NPs (~6 nm) were pre-deposited on the SiO2 particles 
(~300 nm) template. A layer of resorcinol formalde
hyde resin (RF) was coated on the surface of Pd NPs to 
prevent their aggregation at elevated temperatures. 
After carbonization and etching of SiO2, Pd@HCS 
with multiple Pd NPs as yolks were synthesized. 
Pd@HCS was proven to effectively address the shut
tling problem in Lithium-sulfur (Li-S) batteries. The 
multi-yolks of Pd NPs with strong chemisorption abil
ity also accelerate the redox reaction kinetics of 
lithium polysulfide (LiPS).

The enclosing multi-yolks may be induced from self- 
assembly motifs through the interfacial interaction

between yolk nanostructures and lipids or polymers. 
Liu et al. reported the synthesis of multi-Fe3O4@carbon 
(mFe3O4@C) yolk-shell nanostructures through 
a nanoparticle (NP)/polymer co-assembly strategy. [52] 
They used oleic-acid stabilized Fe3O4 NPs to self-assem
ble with a prototypical amphiphilic block-copolymer, 
PS-b-PEO. The hydrophobic-hydrophobic interaction 
facilitated the encapsulation of magnetic nanoparticles 
within the polymer micelles during solvent exchange. 
After being coated with polydopamine (PDA) and sub
jected to carbonization, magnetic mFe3O4@C nanopar
ticles were fabricated with multiple Fe3O4 nanoparticles 
as yolks. The mFe3O4@C displayed significantly 
enhanced electrochemical properties compared to sin
gle-yolk Fe3O4@C nanoparticles. Fischer et al. fabricated 
AgAu/tin-rich ITO multi-yolks@shell spheres 
(AgAu@ITOTR) using block copolymer micelles as tem
plates (Figure 7). [53] Polystyrene-block-poly (4-vinyl
pyridine) (PS-b-P4VP) copolymer could assemble into 
inverse micelles with hydrophilic interior and hydropho
bic exterior. The addition of Ag and Au precursor into 
the dispersion of PS-b-P4VP micelles can lead to the

Figure 6. Mass production of yolk-shell-nanostructured Co3O4@C from recycling of plastic wastes. Reproduced with permission 
from ref. [50] copyright 2023 American Chemical Society.

Figure 7. Formation of bimetallic AgAu nanoparticles@metal oxides yolk-shell thin films by soft-templating strategy and surface 
packing. Reproduced with permission from ref. [53] copyright 2016 American chemical society.
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encapsulation of Ag/Au within the inner core of the 
micelles. When mixed with In(OtBu)3Sn (ITBO), they 
distributed on the outer layer of the gel. After the inter
facial redox/sol-gel reaction and calcination, 
AgAu@ITOTR multi-yolks@shell spheres were obtained 
with a size of 40 nm, yolk size <10 nm, and shell thick
ness of 2.5 nm. These spheres exhibited superior efficacy 
compared to metal particles of a similar size in the 
electrocatalytic applications.

Kang and Paek et al. used droplets containing tin 
oxalate, magnesium nitrate, sucrose, and polyvinyl
pyrrolidone (PVP) as templates for control formation 
of the yolk-shell structured metal selenide and carbon 
composite with different shell thickness (Figure 8). 
[54] During pyrolysis, PVP tended to be pushed out 
of the particles, while sucrose was effectively compos
ited with metal oxide crystals inside the particles. The 
selenization treatment resulted in the evaporation of 
SnSe and transformation into MgO-MgSe-C micro
spheres at 1000°C. The etching of MgO-MgSe nano
crystals may lead to the formation of resembled hollow 
nanosphere aggregates as yolks and porous carbon 
shells. The thickness of the carbon shell could be freely 
adjusted based on the amount of PVP added. Through 
optimizing shell thickness, the tailored carbon yolk- 
shell composites exhibited excellent performance in 
energy storage applications.

Based on the core-shell structures, the formation of 
multi-yolks could intrigue from the structural or che
mical transformations of the cores. Zheng and Lin 
et al. reported the formation of a multi-yolk/single- 
shell structured Se-doped Fe7S8@NC@C (Se- 
Fe7S8@NC@C) microcubes through the control

decomposition of Prussian blue@resorcinol-formalde
hyde microtubes (PB@RF). [55] During the thermal 
treatment of PB@RF, the PB core collapsed into multi
ple yolks and formed Se-doped Fe7S8 by reacting with 
sulfur and selenium vapors. The outer RF layer and 
CN− released from PB were carbonized into the N-rich 
carbon layer. This multi-yolk/shell structure was sup
posed to enhance electrolyte permeability, mitigate 
volume fluctuations, and increase the exposure of 
active sites. The Se dopant effectively enhanced the 
electronic structure, leading to higher electrical con
ductivity and faster ion migration. Qian et al. fabri
cated the multi-yolk-shell Sn/Cu6Sn5@N-C from the 
hierarchical transformation of hollow 
SnO2@CuO@PDA spheres (Figure 9). [56] The hollow 
SnO2 nanospheres, prepared through an Ostwald 
ripening process, were covered with an amorphous 
CuO layer by dipping and annealing. Subsequently, 
the surface was coated with a polydopamine (PDA) 
layer via in-situ polymerization and formed 
SnO2@CuO@PDA spheres. Under annealing, the 
inside hollow SnO2@CuO sphere transformed into 
multiple Sn/Cu6Sn5 core-shell spheres (100-200 nm), 
while the PDA layer turned into a carbon shell with 
~20 nm. This structure was demonstrated to accom
modate volume expansion effectively, minimize the 
distance for Na+ transmission, and prevent tin aggre
gation during charge-discharge cycles. The inside 
close-contact NPs with the N-doped carbon shell can 
form a 3D continuous conductive copper to ensure 
fast Na+/e– transmission, minimize mechanical stress, 
reduce contact impedance, and maintain structural 
stability.

Figure 8. Synthesis of nanostructured carbon yolk-shell microspheres with controlled shell thickness. Reproduced with permission 
from ref. [54] copyright 2016 royal society of chemistry.
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Hollow structures with porous shells can facilitate 
the introduction of yolks through capillary force. The 
post-loading of yolks may result in some yolk materi
als remaining partially inside the shells or attached to 
the shell surfaces. It might be beneficial for preventing 
the sintering of nano-components and exposing more 
active sites for catalytic processes. Xia et al. utilized the 
special capillary effect of a mesoporous carbon hollow 
sphere to fabricate Fe3O4 nanoparticles (Fe3O4 NPs)/ 
N-doped hollow carbon spheres (Fex@N/HCSs). [57] 
The Fe ions can penetrate the cavity of the carbon 
sphere with a diameter of 300 nm, and grow into

Fe3O4 nanoparticles (~50 nm in size) through thermal 
condensation. Both the single NP and multi-NPs 
could be enclosed in the carbon shells. The analysis 
indicated that this formation process may strengthen 
the effective distribution of Fe-Nx active sites. The 
unique yolk-shell structure may also enhance electrical 
conductivity and decrease reaction delay from mate
rial agglomeration. Based on a similar capillary load
ing pathway for yolks, Zeng et al. designed to fabricate 
a multi-yolk/shell structure through nano-confined 
growth of MOF in N-doped porous carbon spheres 
(Figure 10). [58] The N-doped hollow carbon spheres

Figure 9. Fabrication of multi-yolk-shell Sn/Cu6Sn5@N-C sphere. Reproduced with permission from ref. [56] copyright 2023 
American chemical society.

Figure 10. Fabrication of multi yolk-shell Co-nc@ nitrogen doped spheres by capillary loading of tunable MOFs as yolks. 
Reproduced with permission from ref. [58] copyright 2021 Elsevier.
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were prepared from calcination and etching of 
PDA@SiO2 spheres (200 nm) made by an in-situ 
stöber templating method. The following encapsula
tion of Co2+ and 2-methylimidazole within the carbon 
sphere induced the formation of ZIF-67 crystals in the 
hollow interior. After thermal treatment and sulfur 
doping, multi-yolk/shell spheres consisting of Co- 
N-C yolks and C-N-S shell (Co-NC@N-HCSs) were 
synthesized. The Co-NC@N-HCSs could offer strong 
chemical adsorption capacity, uniform polar cobalt 
active sites, and spacious internal voids for sulfur 
storage in Li-S battery applications.

2.3. Yolk-shell nanostructures with multi-shells

The yolk-shell nanostructures with multi-shells refer 
to structures with more than two outer layers. In 
comparison with single-shelled yolk-shell nanostruc
tures, multi-shelled structures possess larger specific 
surface area, lower density, as well as reduced mass 
and charge diffusion lengths. [59] The layered shells 
could favor the molecular adsorption and surface reac
tion on both sides of the shells. The reduced path 
length may also promote charge migration and separa
tion. When used for energy storage or conversion, the 
multi-shelled nanostructures may overcome the issues 
of rapid capacity degradation and poor rate capability, 
improving specific capacity, rate capability, and 
cycling stability.

The conventional fabrication strategies for multi- 
shelled hollow structures are via so-called shell-by- 
shell assembly or sequential-templating approaches. 
[60–62] The number of shells can be controlled by 
creating sacrificial interlayers on the surface of cores. 
As these methods have the drawbacks of being time- 
consuming, needing complex procedures, and using 
uneconomic sacrificial materials, etc, more facile syn
thetic strategies based on Ostwald ripening, redox 
etching, galvanic replacement, and ion exchange 
have also been developed to manufacture the multi- 
shelled structures. [63,64] The compositional and geo
metric features of multi-shelled nanostructures could 
be well-tuned by adjusting precursors, solvents, pH 
values, temperatures, etc.

Li et al. demonstrated a flexible preparation of 
hollow Ni−Co−O microspheres using resin micro
spheres as hard templates (Figure 11). [65] The tem
plate spheres could facilitate Ni2+ and Co2+ adsorption 
due to the presence of −COO− and OH− groups. Not 
needing sequential coating, the control formation of 
different shell porosity, shell numbers, and shell thick
ness could be achieved by adjusting Ni/Co ratios, 
solvents, and heating rates. [66] The heat rate may 
influence the temperature gradient of the RF micro
spheres along the radial direction, which may cause 
non-equilibrium forces for core decomposition and 
the growth of Ni-O or Ni-Co-O outer layers. The 
resultant triple-shelled Ni-Co-O spheres exhibited 
ultrahigh capacitance and rate capability in the elec
trochemical application. Wang et al. fabricated quin
tuple-shelled SnO2 hollow microspheres with closed 
exterior double shells (5S-SnO2-HMSs-CDS) from 
carbonaceous microsphere (1 μm) templates via 
a facile, one-step thermal treatment. [67] They men
tioned that the treatment with an alkali solution before 
calcination is the key to preparing 5S-SnO2-HMSs- 
CDS with well-defined exterior double-shells. The 
high concentration of negatively charged hydroxyl 
surface groups on templates increases Sn4+ absorption 
in the carbonaceous microspheres and allows for the 
formation of SnO2 shells during subsequent calcina
tion. The concentration of Sn4+ can regulate the shell 
numbers from single to quadruple. Through this pro
cess, the exteriors of 5S-SnO2-HMSs-CDS were com
posed of thick double shells, while the internal shells 
could freely move within the microsphere. The multi- 
shelled spheres strengthened light scattering and 
reflecting properties and improved photoconversion 
efficiency as anodes for dye-sensitized solar cells 
(DSSCs).

Chen’s group synthesized multi-shelled porous tran
sition metal oxide microspheres, using metal acetate 
polysaccharides (MAPs) as soft templates. [68] The facile 
synthetic method offers versatility and precise control 
over the morphology and composition of hollow micro
spheres by adjusting the concentration and ratio of metal 
ions. The system also may allow systematic exploration 
of the relationships between structure and

Figure 11. Fabrication of multi-shelled Ni-co oxide microspheres using resin microspheres encapsulated with Ni2+/Co2+ ions as 
templates. Reproduced with permission from ref. [65] copyright 2016 American chemical society.
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electrochemical properties. In the hydrothermal process 
with metal acetates (Ni2+, Co2+, and Mn2+) and glucose, 
metal cations may adsorb onto the polysaccharides to 
form MAPs network via intermolecular dehydration of 
glucose and coordination of transition metal ions. It 
finally resulted in the formation of carbonaceous spheres 
(CS) ranging in diameter from 300 nm to 6 μm, with 
metal ions evenly dispersed. Due to the relatively high 
hydrolysis rate of Ni2+ and Co2+ compared to that of 
Mn2+, a high content of Ni2+ and Co2+ was found inside 
the particle. During the annealing of MAPs in air, the 
temperature gradient along the radial direction may 
induce two conflict forces (contraction force and adhe
sion force) during the formation of the metal oxide shell 
and decomposition of the carbon core. It resulted in the 
formation of porous multi-shelled spheres of Ni-Co-Mn 
oxide with a shell thickness of 10 nm. Compared to 
multi-shelled spheres with varying numbers of shells, 
the quadruple-shelled microspheres exhibit 
a significantly higher specific capacity and energy density 
with excellent cycle stability. The excellent performance 
was attributed to the quadruple-shelled structure, which 
provides numerous electrode/electrolyte interfaces and 
effectively disperses strain and stress during the charge- 
discharge cycles.

Kim and Li et al. proposed a synthesis strategy for 
multi-shelled perovskite yolk-shell microspheres via one- 
step spray pyrolysis (Figure 12). [69] Based on a solution 
droplet containing metal salts and sucrose and via car
bonation, LaOx-NiOx-CoOx-C@LaNi0.5Co0.5O3 core@
shell microspheres were formed and used as the 
template. The core@shell microspheres were then treated 
with surface combustion, which may lead to 
a heterogeneous contraction because of the uneven heat
ing of the whole structure. The process induced the 
formation of rattle-like structured LaOx-NiOx-CoOx- 
C@void@LaNi0.5Co0.5O3 microspheres and finally

multi-shelled LaNi0.5Co0.5O3 microspheres (Y-LNCO) 
after repetitive combustion. The thickness of the outer 
shell was thicker than the inner shells, which might cause 
the presence of both micropores and mesopores in the 
structures. When used as oxygen electrodes, the 
Y-LNCO exhibited improved electrocatalytic properties 
attributed to its effective promotion of oxygen molecule 
and ion diffusion, which enables easier electrolyte 
impregnation and offers ample space for the deposition 
of discharge products.

Without using a template, Gao and Yan et al. 
reported a simple and scalable approach to synthesiz
ing multi-shelled Co3O4 spheres with tunable shell 
numbers. [70] The Co precursor from mixing cobalt
(ii) nitrate hexahydrate, acetylacetone, and hydrazine 
hydrate at 80°C, may change into less or multi-shelled 
spheres by controlling annealing rates. The formation 
mechanism was suggested because of the differences 
in growth rates between the internal and external 
layers. Higher oxygen levels in the precursor spheres’ 
exterior can lead to accelerated growth of Co3O4 crys
tals on the outer surface, which may ultimately result 
in the formation of voids between the yolk and shells. 
The multi-shelled Co3O4 electrode demonstrated 
a higher surface area and lower resistance when com
pared to the yolk-shelled and fewer-shelled Co3O4 
spheres. Based on the multi-shelled Co3O4 spheres, 
Zhang et al. later also proposed a facile template-free 
strategy to fabricate multi-bishelled spheres of CoO/ 
Co9S8/Co9Se8. [71] By subjecting sequential sulfuriza
tion and selenization treatments, the original multi- 
shelled Co3O4 spheres converted into multi-bishelled 
CoO/Co9S8 spheres and CoO/Co9S8/Co9Se8 spheres. 
Due to the abundant hetero-interfaces and large sur
face areas, CoO/Co9S8/Co9Se8 spheres exhibited out
standing OER activity in alkaline media and long-term 
durability.

Figure 12. Formation mechanism of multi-shelled perovskite yolk-shell microspheres via one-step spray pyrolysis. Reproduced 
with permission from ref. [69] copyright 2022 Elsevier.
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Template-free strategies were usually difficult to 
control the size distribution, morphological unifor
mity, cavity volume, shell clarity, and functional 
groups of yolk-shelled structures. The shells in the 
fabricated multi-shelled structures lack ordered 
permeable channels, making it difficult for electrolyte 
ions to transfer for efficient electrochemical energy 
storage. Utilizing MOF’s structural characteristics of 
uniformly distributed metal cations and bridged 
organic ligands, Chen et al. developed a strategy to 
build desirable multi-shelled hollow microsphere 
architectures with regular shell structures. [72] They 
named the term ‘oxidation-sedimentation-recrystalli
zation-formation’ to describe this versatile approach 
for producing multi-shelled structures of metal oxides 
from MOFs. The synthesis of monodispersed spherical 
Ni-MOF as the precursor is the key, which requires 
precise regulation of the ratio of nickel ions to organic 
ligands, selection of appropriate reagents and hydro
thermal temperature. The Ni-MOF have uniform and 
spherical morphology with a diameter of around 1 μm. 
During the pyrolysis process of Ni-MOF in air, the 
evaporation of water and solvent may lead to void 
formation and induce unsaturated stress due to 
Brownian motion. At elevated temperatures, the Ni- 
MOF may undergo carbonation and Ni oxidation, 
exacerbating the internal stress imbalance. Due to 
the confined effect of MOF framework, the produced 
NiO can be uniformly distributed in the sphere and 
gradually form a ring-shaped shell. The evaporation of 
gases during the process may lead to a larger distinc
tion between the yolk and shell, and form single, 
double, and triple-shelled spheres (MS-NiO@PC) 
with pyrolysis time. The shell with the wall thickness 
in the range of 50–100 nm consisted of NiO nanocrys
tals with 10–50 nm size. Due to the well-defined multi- 
shelled structure and the synergetic effect of metallic 
oxide and porous carbon, the nitrogen-doped multi- 
shelled Co3O4@carbon microspheres, prepared by the 
same method, showed remarkable electrochemical 
properties when adopted as anode for lithium-ion 
batteries.

2.4. Functional hybrid architectures with 
yolk-shell nanostructures

With the development of various nanoarchitectonic 
techniques, especially by self-assembly strategies, 
nanofeatures of yolk-shell morphologies could be pre
cisely tuned across different scales. More complex 
structures can be designed by manipulating shell or 
core morphologies, organizing yolk-shell building 
blocks, and combining with other nanomaterials. 
With different functional components in the struc
tures, the yolk-shell-derived hybrid architectures 
could be not only one-dimensional (1D) but also 
two-dimensional (2D) or three-dimensional (3D). By

precisely regulating various active nano-units into 
well-defined dimensions, the structures may effec
tively preserve their nanofeatures into multi-scaled 
morphologies with better structural stability and har
ness new synergistic effects through hybridization. It 
thus may further explore their potential applications 
for various electrochemical processes.

The outer shells of a yolk-shell nanostructure play 
a dual role in stabilizing the active cores and facilitat
ing molecular percolation/release for catalytic reac
tions. The structural and functional designs on the 
shell architectures can impact catalytic performance 
with new effects. Fu and Sun et al. designed a novel 
yolk-shell electrocatalyst with a permeable urchin-like 
CuO-Pd shell and cubic Pd core. [73] The Pd nano
cube seeds of 15 nm were deposited initially with 
Cu2O to create truncated octahedron Pd@Cu2O. The 
tendency of Cu2O to undergo structural deformation 
and convert into CuO in oxygen-rich aqueous solu
tions may cause reshaping of Pd@Cu2O when treated 
with the aqueous suspension of Na2PdCl4 at 90°C. 1D 
nanothorns with an average length of 50–150 nm were 
grown on the surface, finally creating Pd@CuO-Pd 
yolk-shell nanostructures with a quasi-3D shell archi
tecture of urchin-like morphology. The unique perme
able shells facilitated the mass diffusion and transport 
at the electrode/electrolyte interface. It also favored 
the exposure of more active sites from CuO/Pd in 
the electrocatalytic process toward glucose oxidation.

Most yolk-shell nanostructures were prepared into 
spherical morphologies. Via template-assisted synth
esis, hybrid electrodes with complex hollow structures 
and multi-functions may also be designed and con
structed. Zhang and Chou et al. developed a novel 
‘adsorption-calcination-reduction’ strategy to synthe
size spinel trimetallic oxides (TMOs) with a unique 
necklace-like multi-shelled spheres using sacrificial 
carbonaceous microspheres as templates (Figure 13). 
[74] After metal precursors adsorbed on the necklace- 
like carbonaceous spheres, the metal ions@carbon 
underwent hydrothermal reaction at 180°C and calci
nation to remove carbon. The necklace-like TMOs of 
NiCo2O4, CoMn2O4, and NiMn2O4 with triple-shelled 
hollow structures, can be adjusted by varying the cal
cination temperature. The 1D arrangement of the 
yolk-shell spheres is likely to enhance structural stabi
lity, making it easier to incorporate different metals 
and conduct post-treatments. After further creating 
oxygen vacancy defects by reduction treatment, the 
multi-shelled necklace-like nanostructures (R-TMO) 
displayed superior bifunctional hydrogen and oxygen 
evolution reactions (OER and HER) activity, 
improved kinetics, and durability compared with pris
tine TMO. The rich oxygen vacancies may afford 
numerous active electrocatalytic sites to expedite the 
reaction kinetics. The DFT calculation indicated that 
R-TMO could lower the free energies of each
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elementary reaction step, promoting the water-split
ting reactions. The multi-shelled structures provide 
many accessible channels for transporting the gas 
bubbles and reactive species for efficient interaction 
with the electrolyte. The interconnected architecture 
also forms a percolated network of conductive path
ways, enabling efficient charge separation. These com
bined effects resulted in larger active surface areas, 
better mechanical stability, and enhanced mass and 
charge transport for R-TMO.

Based on the multi-shelled morphology, Wang 
et al. developed an innovative and facile synthesis 
strategy, called ‘in situ evolution of shell to core’, to 
localize multiple Sn nanoparticles (Sn NPs) separately 
in nitrogen-doped carbon hollow multi-shelled struc
ture (NxC HoMS) with duplicated layers (DL) of 
NxC shell (Sn NPs@NxC HoMS-DL) (Figure 14).

[75] The structure was inherited from SnO2 HoMS 
coated with polydopamine (PDA) after one-step 
annealing under Ar atmosphere. The coverage of 
PDA at the outer SnO2 shell was continuous with 
a thickness around 25–30 nm, while PDA at the 
inner shell was discontinuous and thinner. In the 
initial annealing, PDA layers decomposed into 
a dense NxC layer at the outer shell of SnO2 and 
a discontinuous layer at the inner surface. At the 
annealing temperature of 650°C, SnO2 may reduce to 
Sn by reacting with C or CO. Due to higher tempera
ture inside the HoMSs and the discontinuous inner 
NxC layers, the metallic Sn in the liquid state tends to 
immigrate and merge easier than outer layer. As the 
Sn-doped NxC part possesses a larger thermal expan
sivity than the undoped NxC part, it induced the final 
formation of duplicated layers on the outer surface.

Figure 13. Formation process of necklace-like transitional metal oxides multi-shelled structures ‘adsorption-calcination-reduction’ 
strategy. Reproduced with permission from ref. [74] copyright 2018 American chemical society.

Figure 14. Formation mechanism of localizing multiple Sn nanoparticles in a nitrogen-doped carbon hollow multishelled structure 
with duplicated layers for carbon shell (sn NPs@NxC HoMS-dl). Reproduced with permission from ref. [75] copyright 2022 Wiley.
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This led to the formation of a multi-shelled 
NxC structure with Sn compartments in different 
shell spaces. Such a structure was proven to enable 
rapid ion and electron diffusion through the 3D con
ductive network consisting of multiple NxC shells and 
Sn cores. Through in situ TEM observation for the 
lithiation/delithiation process, it revealed that the void 
space could effectively buffer the volume expansion 
and the NxC shell could confine the expansion of the 
Sn NPs to maintain the structural integrity. The struc
ture guarantees a stable solid electrolyte interphase 
film to confine the Sn expansion orientation and sta
bilize the electrode-electrolyte interface. As a result, it 
allows the Sn anode to maximize its lithium energy 
storage capability.

The integration of intricate hollow and hierarchical 
structures has been proven to enhance electrochemical 
performance and optimize the utilization of the inner 
hollow cavity. By using reduced graphene oxide 
(RGO) as support, Kong, Jin, and Yang et al. devel
oped a facile approach for hierarchical yolk-shell 
Cu2O@CuO-GO on the confined surface (Figure 15). 
[76] The Cu2+ modified graphene oxide sheets were 
reduced into Cu2O@RGO and then induced the 
growth of CuO shell by partial oxidation of 
Cu2O. The formation of numerous voids between the 
ultrathin CuO shell and Cu2O core can be attributed 
to the Kirkendall effect. The process finally resulted in 
the homogenous coverage of the CuO shell and RGO 
flakes on the Cu2O core with two inner hollow spaces 
from RGO and CuO layers. This novel 3D nanostruc
ture with Cu2O core-spur-CuO bridge-CuO shell- 
void-RGO architecture has several advantages as 
lithium-ion battery (LIB) anodes: possess cavity to 
accommodate the volume expansion during lithiation 
and shorten the Li+ diffusion length; structural inher
ited high capacity and excellent electrical conductivity. 
According to DFT simulation, more active electrons 
are surrounded at the interfaces between CuO and 
RGO. The conductivity between CuO and RGO layers 
is significantly higher than that of Cu2O and RGO. 
The more CuO generated between RGO and

Cu2O core, the more active electrons are created in 
the anode. Therefore, the capacity trend of 
Cu2O@CuO@RGO demonstrated an increase with 
charge/discharge cycles, indicating a synergistic effect 
from complexing metal oxide anode materials for 
excellent anode performance.

Considering that flexible graphene scaffolds can 
offer mechanical support and fast electron transport 
to enhance structural stability and electrical conduc
tivity, Li et al. designed a flexible S, N co-doped carbon 
nanotube/graphene film embedded with the Zn-Co-S 
yolk-shell balls (ZCS6T/CNTs/SNGS) by vacuum fil
tration and one-step S, N co-doping and reduction of 
graphene oxides (Figure 16). [77] The 1D alignment of 
Zn-Co-S yolk-shell balls (ZCS6T BYSBs) was induced 
by applying a high magnetic field (HMF) during the 
anion exchange process between glycerate and S2–. 
The enhanced ion diffusion and exchange kinetics 
under HMF made the as-obtained ZCS6T BYSBs 
have larger surface area/pore volume, higher crystal
linity and electrical conductivity, richer electroactive 
elements, and favorable axial electron and ion trans
port. The embedding of yolk-shell spheres in carbon 
nanotube/graphene films resulted in the formation of 
a more stable and active 3D packing structure. Due to 
avoid using an electrically insulating polymer, the 
hybrid film ensures close electrical contact between 
CZS6T BYSBs and the current collector (CNTs/ 
SNGS) and significantly improves the charge transfer 
kinetics. The combined structural and compositional 
effect resulted in the ZCS6T/CNTs/SNGS electrode 
exhibiting a more striking specific capacitance, rate 
capability, and cycling stability even at high rates. Its 
flexibility in film type may also bring convenience in 
its application for different purposes.

MXenes with a chemical formula of Mn + 1XnTX, 
where n = 1-3, M represents transition metals, 
X represents C or N, and T represents the surface 
groups like -OH, -Cl, and -F, are a class of two-dimen
sional inorganic compounds with a lamellar structure 
similar to graphene. [78] The unique physicochemical 
properties and mechanical stability of MXenes make

Figure 15. Formation of hierarchical yolk-shell Cu2O@CuO-decorated RGO. Reproduced with permission from ref. [76] copyright 
2022 Wiley.
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them a fantastic 2D support matrix for building elec
trode materials. Wu et al. assembled NiCo2S4@Co3S4 
yolk-shell nanocages, which were prepared by hydro
thermal reaction from ZIF-67 and thermal sulfidation, 
with 2D Ti3C2Tx via ion exchange reaction and elec
trostatic attraction. [79] The conductive Ti3C2Tx 
matrix made the self-supporting 3D composite more 
robust with plenty of mesopores, which have the super
iority of rich active sites and prevent active substances 
aggregation for ion buffering. The resultant 
NiCo2S4@Co3S4/Ti3C2Tx could also accelerate thermo
dynamic stability, suppress textural instability, and 
moderate unavoidable volume change of active sub
stance. Therefore, it exhibited a significant specific 
capacitance (1872 F·g−1 at 2 mV·s−1), and remarkable 
rate capability in the high current density for high- 
performance asymmetric supercapacitors.

3. Functional electrodes with yolk-shell 
nanostructures for various electrochemical 
processes

Due to the unique configuration, the design of yolk- 
shell structures has been extensively studied during 
the last decade. Especially in the energy storage and 
conversion field, yolk-shell nanostructures have many 
potential key advantages in storage and catalysis: (1) 
have suitable multi-dimensional void spaces to facil
itate charge storage and electron transfer; (2) prevent 
aggregation of catalytic species; (3) control reactivity 
or selectivity by structural designs; (4) improve con
ductivity of nanostructures; (5) have better cycle sta
bility, etc. Through careful design, yolk-shell 
nanostructures offer a versatile platform for creating 
multi-functional structures and discovering new

applications by controlling composition, shape, yolk 
size, shell thickness, void volume, and porosity.

In this section, we briefly summarize the usage of 
novel yolk-shell nanostructures in various electroche
mical applications to demonstrate their potential in 
developing functional devices.

3.1. Use in supercapacitors

Supercapacitors store charge at the interface between 
an electrode and the electrolyte. Generally, there are 
two categories of supercapacitors: electric double-layer 
capacitors (EDLCs) that store charge based on rever
sible electrostatic ion adsorption/desorption at the 
electrode/electrolyte interface and pseudocapacitors 
that store charge based on additional surface redox 
reactions as well as electrostatic absorption/deso
rption. Electrochemical supercapacitors, known for 
their high power density, extended charge-discharge 
cycles, rapid discharging/charging abilities, and wide 
operating temperature range, have been widely uti
lized across various industries. The morphology and 
microstructure of the electrode materials are essential 
for the electrochemical performance.

Ternary transition metal sulfides stand out among 
pseudocapacitor electrodes for their rich valence 
states, good electrochemical activity, and high conduc
tivity. Chung et al. demonstrated a novel ZnCo2S4 
electrode with an adjustable yolk-shell structure as 
a supercapacitor. After sulfidation, the yolk-shell 
ZnCo2S4 electrode may feature an enlarged elec
trode/electrolyte interface area and abundant ion/elec
tron migration pathways. [80] The material could also 
accommodate volume expansion during ion and elec
tron transport. It exhibited a high specific capacitance

Figure 16. Formation of flexible S, N-doped carbon nanotubes/graphene films embedded with the 1D Zn-co-S yolk – shell balls 
(ZCS6T/CNTs/SNGS). Reproduced with permission from ref. [77] copyright 2020 American chemical society.
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of 1251 F·g−1 at a high current density of 15 A·g−1 and 
a cycle life of over 1000 cycles. After further coupled 
with activated carbon, the asymmetric supercapacitor 
achieved a high energy density of 66 Wh·kg−1 at the 
power density of 18,000 W·kg−1, and a cycle life of 
2000 cycles at a high current density of 15 A·g−1.

Baek et al. constructed a size-controllable Ni-Co- 
Mn sulfide electrode with an amorphous phase and 
a yolk-shell structure for hybrid supercapacitors 
(Figure 17). [37] The spherical size was controlled 
within the range of 650 to 1100 nm by adjusting the 
Mn(NO3)2 amount in the metal glycerate mixture. The 
optimized electrode, with its compositional and struc
tural advantages, exhibited an exceptional specific 
capacity of 1204 C·g−1 at 2 A·g−1 and a long cycling 
lifetime. The hybrid supercapacitor with Ni-Co-Mn 
sulfide spheres as the positive electrode and activated 
carbon as the negative one, achieved superior cyclic 
stability with a high energy density of 71.86 Wh·kg−1 

at 793.56 W·kg−1.
Transition metal selenides are also promising elec

trode materials for hybrid supercapacitors because of 
their high electrical conductivity. Davarani et al. 
reported a rugby-ball-like NiCo2Se4 yolk-shell nanos
tructure (RB-NCS) as an attractive cathode electrode 
material for hybrid supercapacitors. [81] Due to the 
high porosity and desirable electrical conductivity, the 
RB-NCS electrode presented a prominent capacity of 
258.1 mAh·g−1 at 1 A·g−1 and an impressive longevity 
of 92.2% over 14 000 cycles at 20 A·g−1. A high cou
lombic efficiency of ≈ 98.1% was also achieved.

Using MOF (ZIF-67) and Prussian blue analogues 
as templates, Ensafi et al. fabricated trimetallic 
CoNiSe2/Fe-CoNiSe2 yolk-shell nanoboxes for high- 
performance supercapacitors (Figure 18). [82] The

yolk size can be regulated by water in the assembly 
solution. The structural engineering by PBA frame
work with Co-Fe oxide increased the topological com
plexity of the nanostructure. The energy storage 
activity was enhanced due to the porous structure 
and increased surface area. CoNiSe2/Fe-CoNiSe2 
yolk-shell nanoboxes showed attractive electrochemi
cal performance with high specific capacity of 1091.2 
C·g−1 at 1.0 A·g−1, and excellent cycle stability (85% 
recovery after 5000 charge/discharge cycles). The 
hybrid supercapacitor (SC) containing active carbon 
displayed an impressive energy density of over 76.5 
Wh·Kg−1 when operated at a power density of 2378.7 
W·Kg−1. It could power two 2.7 V green LED light 
bulbs for a duration of 9 minutes.

Zhu el al. reported a novel bimetallic Ni-Co yolk- 
shell nanostructure as a high-performance electrode of 
an all-solid-state supercapacitor by the solvothermal 
reaction of nickel cobalt glycerate followed by anneal
ing with urea. [83] This structure was composed of 
a nickel-cobalt nitride and its oxide (NiCoNO) hetero
structure. The solvothermal conditions resulted in the 
creation of self-assembled nanosheets within the 
shells. As a result, the yolk-shell spheres exhibited 
a high degree of mesoporosity and macroporosity, 
which could enhance mass/charge transfer efficiency. 
The electrode can achieve a high specific capacity of 
1878 F·g−1 at 1 A·g−1 and retain 83.9% of its capacity 
after 5000 cycles at 10 A·g−1. When utilized in an all- 
solid-state hybrid supercapacitor, it exhibited a high 
energy density of 64.2 Wh·kg−1 at a power density of 
900 Wh·kg−1 with high capacity retention of 81.1% 
after 5000 cycles at 10 A·g−1.

Li et al. fabricated P-doped Ni0.5Cu0.5Co2O4 yolk- 
shell spheres (500 nm) for high-energy-density

Figure 17. The yolk-shelled amorphous Ni Co-mn sulfide spheres as electrode for hybrid supercapacitors. Reproduced with 
permission from ref. [37] copyright 2023 Elsevier.
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supercapacitor via solvothermal reaction of metal ions 
with glucose and glycerol, and thermal phosphidation. 
[84] The electrode possesses a high pseudocapacitance 
of 1570.2 F·g−1 at 1 A·g−1. When constructed into 
a hybrid supercapacitor, it achieved an ultra-high 
energy density of 118.6 Wh·kg−1 at 800 W·kg−1 and 
excellent cyclability (78.0% capacity retention over 
5000 cycles).

3.2. As electrocatalysts

Electrocatalysis stands out as one of the most promis
ing ways to enable a sustainable supply of valuable 
chemicals and decrease reliance on fossil fuels. [85] 
The biggest obstacles to the successful realization of 
electrocatalytic technologies are insufficient activity, 
poor selectivity, and lack of stability of the electroca
talysts. [86] Significant efforts are devoted to searching 
for new electrocatalytic materials with different com
positions and structures. [87,88] The designable yolk- 
shell nanostructures could be highlighted for catalysis 
application from three major aspects: (1) balancing the 
contradiction of catalytic efficiency and stability with 
the total exposure of active sites inside the shell; (2) the 
presence of void largely expands the space for the 
occurrence of catalytic reaction and mass transfer; 
(3) the manipulation of shell, yolk, void, or 
a combination of these enables the flexible and 
dynamic modulation of the catalytic efficiency, stabi
lity, recyclability or even synergistic effect induced 
multifunction. The main electrocatalytic reactions 
involved oxygen reduction reaction (ORR), oxygen

evolution reaction (OER), hydrogen evolution reac
tion (HER), CO2 reduction reaction (CO2RR), and 
nitrogen reduction reaction (NRR) etc.

3.2.1. OER
OER is the key half-reaction in water splitting. As it 
has a high activation barrier, exploring efficient cata
lysts with low cost and high stability is necessary for 
large-scale applications. Co/Ni-based materials have 
garnered increasing interest as electrodes for the 
OER due to their excellent catalytic properties, which 
can be further enhanced through the design of struc
ture and composition. [89] Liu and Ma et al. prepared 
a series of multi-shelled CoxNi1−x oxide/phosphide 
spheres (CoxNi1−x CPS) with tunable element ratios 
via a hydrothermal reaction of Co2+/Ni2+ with iso
phthalic acid and followed by calcination and phos
phidation. [90] The electrocatalytic activity of CoxNi1 

−x CPS was found to be dependent on the molar ratio 
of Co and Ni, in which the multi-shelled Co0.5Ni0.5 
oxide/phosphide electrode displayed outstanding elec
trocatalytic activity and stable durability for OER in 
the alkaline electrolyte (current density of 10 mA·cm−2 

at a low overpotential of 268 mV with a Tafel slope of 
41.4 mV·dec−1). The multi-shelled morphology, with 
its high surface area and structural stability, is consid
ered to be beneficial for promoting the electrocatalytic 
process.

Huang and Xi et al. developed a yolk-shell perovskite 
LaCo1−xFexO3 electrode to boost the OER efficacy. [91] 
The synthesis of LaCo1−xFexO3 yolk-shell nanospheres 
(YSN) was through a ligand-assisted solvothermal

Figure 18. CoNiSe2/Fe-CoNiSe2 yolk-shell nanoboxes from MOFs for supercapacitor. Reproduced with permission from ref. [82] 
copyright 2022 Elsevier.
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reaction with metal ions in N, N-dimethylacetamide 
containing 1,3,5-Benzenetricarboxylic acid, and ther
mal annealing in air. The molar ratios of Co/Fe in 
LaCo1−xFexO3 YSNs could be precisely tuned with x =  
0.00, 0.10, 0.25, 0.50, 0.75, and 1.00. The optimized 
LaCo0.75Fe0.25O3 YSN exhibited excellent electrocataly
tic activity with low overpotential of 310 mV at 10  
mA·cm−2 and robust durability with negligible activity 
loss under alkaline OER conditions for over 100 hours.

For yolk-shell nanostructures derived by MOF tem
plates, it could easily functionalize effective interfaces 
by oxidation, phosphidation, and sulfidation. The 
formed heterogeneous interfaces may enhance cataly
tic behaviors by promoting the adsorption/desorption 
balance of intermediates and improving the distribu
tion of electronic density states. Wu and Du et al. 
prepared transition metal phosphides of CoNiFeP 
electrocatalyst with yolk-shell nanospindle morphol
ogy using MIL-88A as the template (Figure 19). [92] 
Through heterogeneous interface engineering, the 
advanced yolk-shell architecture of CoNiFeP pos
sessed the merits of favorable mass transportation 
and structural stability, and synergistic effect with 
well-tuned active center and electron structure. It dis
played superior OER performance with an overpoten
tial of 261 mV, a Tafel slope of 49.5 mV·dec−1 to reach 
the current density of 10 mA·cm−2 and superior stabi
lity for up to 60 hours.

Zhu and Pang et al. designed a series of yolk-shell 
hollow polyhedrons (YHP) integrated with the hetero
metallic ions and alloys via pyrolysis of a three-layered 
ZIF. [93] The synthetic process included the seed-to-

seed growth of multiple-layered ZIF (ZIF-8 and ZIF- 
67) crystals, with a slight etching step involving Fe3+ 

and Ni2+, followed by pyrolysis under a nitrogen 
atmosphere. The outer layer of ZIF-67 can form 
mass transfer tunnels after calcination and etching. 
Due to the highly electrochemically active oxides and 
alloys presented in the shell and yolk, YHP exhibited 
high performance in both OER (overpotential of 257  
mV) and ORR (half-wave potential of 0.79 V) electro
catalysis. Xia et al. also designed a yolk-shell Fex@N/ 
HCSs electrode for bifunctional OER/ORR electroca
talysis. [57] Fex@N/HCSs were fabricated by capillary 
encapsulation of Fe species within N-doped hollow 
mesoporous carbon spheres. The constructed 
Fe20@N/HCSs electrodes could achieve excellent 
ORR activity (half-wave potential of 0.85 V) and 
OER activity (overpotential of 289 mV). When 
assembled into zinc-air battery, it displayed high 
open circuit voltage (1.57 V), large power density 
(140.8 mW·cm−2), and excellent long-term cycling 
performance (over 300 hours).

3.2.2. Other oxidation reactions
By combining the cathodic HER to produce fuel, the 
anodic generation of valuable chemicals rather than 
oxygen (OER) could significantly reduce costs. Such 
systems may also push forward the transition from 
fossil-based resources to green solutions. [94,95] 
Various feedstocks, such as methanol, ethanol, gly
cerol, aldehydes, amines, and urea, have been used as 
alternative electron donors for the OER during the 
electrolysis process.

Figure 19. MOF-derived yolk-shell trimetallic phosphide nanospindles for water oxidation electrocatalysis. Reproduced with 
permission from ref. [92] copyright 2022 Elsevier.
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Methanol oxidation reaction (MOR) is an effective 
electrocatalytic reaction to replace OER, as it requires 
a lower potential for producing pure hydrogen and 
preventing the risk of explosion by mixing H2 and O2. 
Wang et al. proposed a facile method to fabricate 
unique yolk-shell electrocatalysts for MOR, which 
comprise a Pt core and a bimetallic PtRu shell 
(Pt@mPtRu YSs). [96] They first coated a silica layer 
(65 nm thickness) on Pt nanoparticles (20 nm) and 
then deposited a mesoporous PtRu layer by reacting 
Pt/Ru precursors with porogens on the particle sur
face. The mesoporous PtRu shell not only prevented 
the agglomeration of the Pt nano yolk but also offered 
plentiful active sites on both its internal and external 
surfaces. The Pt@mPtRu YSs thus achieved excellent 
catalytic activity, durability, and CO tolerance for the 
MOR process. The mass activity of Pt@mPtRu YSs at 
the peak potential in the positive direction sweep was 
0.56 mA·μg−1

Pt, about 2.95 times higher than that of 
Pt/C (0.19 mA·μg−1

Pt). The specific activity of 
Pt@mPtRu YSs at the peak potential in the positive 
direction sweep was 1.81 mA·cm−2, which was 4.11 
times that of Pt/C (0.44 mA·cm−2).

Glycerol is an appealing feedstock choice for elec
trochemical conversion into a variety of fine chemicals 
due to its abundant availability. Depending on the 
chosen electrocatalysts and operational conditions, 
important three-carbon (C3) intermediates like dihy
droxyacetone, glyceric acid, tartronic acid, and 
mesoxalic acid were produced successfully from

glycerol. Chiang and Hsu et al. synthesized an 
Au@NiSx yolk-shell nanostructure and demonstrated 
its usage for glycerol electrooxidation reaction 
(GEOR) in a mild alkaline medium (Figure 20). [97] 
The synthesis of Au@NiSx was achieved through 
a sequential ion exchange process, utilizing 
Au@Cu2O core-shell nanostructures as the template. 
It revealed that a dynamic surface reconstruction from 
Au@NiSx to Au@NiSx/NiOOH may occur during the 
GEOR process. The conductive interior NiSx compo
nent and active surface high-valence Ni3+ species 
accounted for a superior GEOR performance, achiev
ing ≈ 50.4% glycerol conversion at 10 h, 92.6% selec
tivity toward three-carbon products, and 90.7% total 
Faradaic efficiency. The yield for tartronic acid 
(TART), one of the highest value-added intermediates, 
can be 45.6 µmol·cm−2·h−1 with a selectivity of 43.1%. 
By incorporating Au@NiSx as dual anode and cathode 
electrocatalysts, the synergistic combination of GEOR 
and HER led to the simultaneous generation of TART 
and hydrogen fuel.

3.2.3. NRR
Ammonia (NH3) is a crucial industrial chemical used 
in the production of fertilizers, dyes, explosives, plas
tics, and various other chemicals. [98] It is also 
a promising hydrogen energy carrier with high energy 
density in renewable energy fields. [99] Traditional 
NH3 production methods are associated with high 
energy consumption and the release of CO2. In

Figure 20. Au@NiSx yolk-shell nanostructures as dual-functional electrocatalysts for high-value chemical. Reproduced with 
permission from ref. [97] copyright 2023 Wiley.
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contrast, electrocatalytic N2 fixation offers a more 
appealing alternative for producing NH3 environmen
tally friendly and energy-efficient. Zhang and Guo 
et al. fabricated multi-yolk/shell bismuth@porous car
bon (MB@PC) spheres with high activity for NRR 
under ambient conditions. [100] The MB@PC spheres 
were prepared using a template-free hydrothermal 
process followed by pyrolysis. The specific Kirkendall 
effect led to the creation of a yolk-shell structure. With 
the synergistic effects of intrinsic electrocatalytic activ
ity of bismuth nanoparticles and the porous conduc
tive carbon framework, the MB@PC catalyst 
demonstrates exceptional performance as an NRR 
electrocatalyst. It achieved a rate of NH3 yield of 
28.63 μg·h−1·mg−1

cat. and a faradaic efficiency (FE) of 
10.58% at −0.5 V vs. RHE in 0.1 M HCl solution under 
ambient conditions.

Inspired by enzyme yolk-shell nanoreactors, Du 
et al. designed a novel yolk-shell nanocomposite uti
lizing Au nanostars as the yolk and porous organic 
polymers (POPs) as the shells for electrocatalytic NRR 
(Figure 21). [101] The yolk-shell structure of Au@POP 
was created by converting the core-shell structure of 
Au nanostar@ZIF-8, which involved coating the sur
face with POPs and then eliminating the ZIF-8. The 
hydrophobic properties of Au@POP were tailored by 
modifying the POP shells with various solutions (H+, 
OH−, or F−), which may significantly enhance N2 
fixation and suppress HER. The Au@POP thus exhib
ited outstanding NRR performance of NH3 yield rate 
of ∼109.1 μg·h−1·mgcat.

−1) and Faradaic efficiency 
of ∼68.3%).

3.2.4. CO2RR
Carbon dioxide (CO2) is a prominent greenhouse 
gas contributing to climate change. It is also 
a major byproduct of various human activities and 
industrial manufacturing processes. Electrochemical 
CO2 reduction reaction (CO2RR) holds great pro
mise to convert CO2 into value-added products to 
achieve both carbon capture, utilization, and energy 
storage purposes. Depending on the catalysts and 
reaction kinetics, various C1–3 products, including 
formate, ethylene, ethanol, and propanol, can be 
generated through CO2RR. Copper (Cu) is known 
to promote the formation of C2+ products. In order 
to enhance catalytic efficiency and ensure the speci
ficity of the products, a range of approaches for 
regulating the structural and functional aspects of 
catalyst designs have been investigated. [102] Zhang 
and Zhao et al. investigated the electrochemical 
properties of three Cu2O catalysts (solid, hollow, 
and yolk-shell) with different spatial spaces in the 
CO2RR. [103] By using Cu2O spheres as the self- 
template, the treatment with N2H4 may induce the 
formation of yolk-shell Cu2O (Y-Cu2O) with a whole 
size of 130 nm and shell-core distance of 25 nm. The 
Y-Cu2O displayed the best performance with a C2+ 
Faradaic efficiency of 80.2%. The nanoconfinement 
effect of the yolk-shell structure has proven to effec
tively stabilize Cu+ active sites and improve the 
coverage of *CO during the CO2RR process 
(Figure 22). It thus promotes the C-C coupling and 
inhibits the formation of CH4, resulting in higher C2+ 
selectivity.

Figure 21. The yolk-shell nanocomposites (au@pop) with Au nanostars encapsulated in porous organic polymers (POPs) with 
adjustable hydrophobicity as NRR electrocatalysts. Reproduced with permission from ref. [101] copyright 2023 Elsevier.
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3.2.5. Other electrocatalysis process
Electrocatalytic hydrodechlorination (EHDC) has 
emerged as a promising method for detoxifying 
CPs due to its simplicity, high efficiency, and mini
mal secondary pollution. Zhang et al. developed 
a yolk-shell structured TiN spheres supported Pd 
nanoreactors (Pd/YS-TiN) for selective hydrode
chlorination of 2,4-dichlorophenol (2,4-DCP). 
[104] The yolk-shell TiN spheres were synthesized 
by F− etching of TiO2 particles and thermal NH3 
treatment. The encapsulation of Pd NPs (~4 nm) in 
(Pd/YS-TiN was achieved by in-situ reduction Pd 
precursor. Pd/YS-TiN nanoreactor showed 
a superior EHDC activity with 91.8% 2,4-DCP con
version at −0.85 V, a specific activity of 
1.68 min−1·molPd

−1 and a mass activity of 
5.96 min−1·gPd

−1. The catalytic activity also could 
maintain approximately 90.0% 2, 4-DCP conversion 
after five cycles. The improved performance can be 
attributed to the strong interactions between Pd and 
YS-TiN, and the rapid mass transport facilitated by 
the local concentration gradient and mesoporous 
shell.

3.3. For batteries

3.3.1. Metal-air battery
The metal-air battery system is an energy storage 
system based on electrochemrge/discharge reactions 
that occur between a positive ‘air electrode’ (cathode) 
and a negative ‘metal electrode’ (anode). The anode is 
typically made of metals such as Li, Zn, Al, Fe, or Na, 
while the cathode usually contains some form of por
ous carbon material and a catalyst. [105] Alkaline

Zn-air batteries (ZABs) have gained significant atten
tion among various energy storage systems for their 
attractive cost-effectiveness and superior theoretical 
energy density. However, the sluggish reaction 
kinetics of ORR on air cathodes may greatly hinder 
the power output. Therefore, exploring low-cost alter
natives to platinum group metal-based catalysts is 
imperative for advancing their commercial viability.

Based on a yolk-shell structure, Liu et al. synthe
sized a FeCu/NC catalyst (y-FeCu/NC) by utilizing 
ZIF-8 as the precursor, and via a partial etching strat
egy and subsequent annealing process (Figure 23). 
[106] The structure comprised atomically dispersed 
Fe-N4 and Cu nanoclusters. The hollow voids and 
mesoporous features may also enhance oxygen trans
port. The y-FeCu/NC thus exhibited excellent ORR 
activity with half-wave potential (E1/2) of 0.97 V, 
high limiting current density (jL), and increased dou
ble-layer capacitance (Cdl). Employing y-FeCu/NC as 
the cathode catalyst, the constructed ZABs achieved 
a peak power density of 356.3 mW·cm−2, demonstrat
ing an improvement of approximately 28.5% com
pared to the solid one.

To substantially increase the active sites of the 
electrode, Zhang and Tang et al. controlled the assem
bly of ultrathin nanosheets with a thickness of 1.5 nm 
on Fe-doped Mn3O4 hollow yolk-shell nanoboxes (Fe- 
Mn3O4 HYSNBs) [107]. KMn[Fe(CN)6] Prussian blue 
analogs (FeMn PBAs) nanocubes were used as self- 
sacrificed templates. The treatment of 0.2 M NaOH 
solution at 40°C for 5 h to FeMn PBAs nanocubes 
may cause an ion exchange reaction, during which 
OH− anions react with Fe-Mn PBAs and release 
metal cyanide ion forming Fe2(CO3)(OH)/Mn3O4.

Figure 22. Schematic illustration of the improved C2+ selectivity due to nanoconfinement effects from yolk-shell Cu2O in contrast 
to hollow Cu2O sphere. Reproduced with permission from ref. [103] copyright 2023 American chemical society.
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This alkali liquor etching process may induce the 
structural transformation from a smooth surface to 
a rough surface and then sheet-aggregates subunits. 
After pyrolysis, the Fe-Mn3O4 HYSNBs, could drama
tically enhance mass transport and electron transfer 
during the ORR process. It can achieve a more positive 
onset potential (1.02 V) and a half-wave potential of 
0.78 V. The Zn-air battery powered by Fe- 
Mn3O4HYSNBs demonstrated impressive perfor
mance, with a high power density of 100.0 mW·cm−2 

and a large specific capacity of 740 mAh·g−1 at 
a current density of 5 mA·cm−2. Additionally, it exhib
ited outstanding cycling stability, lasting over 
108 hours.

3.3.2. Lithium-ion battery
Lithium-ion batteries (LIBs) have become an integral 
part of our daily lives, powering cell phones and lap
tops that have revolutionized modern society. 
[108,109] They continue to draw vast attention as 
a promising energy storage technology due to their 
high energy density, low self-discharge property, 
nearly zero-memory effect, high open circuit voltage, 
and long lifespan. Discovery of new materials and 
a deepening of fundamental understanding of their 
structure-composition-property-performance rela
tionships have significantly contributed to the 
advancement of the field. Among various components 
involved in a lithium-ion cell, the cathodes (positive 
electrodes) currently limit the energy density and 
dominate the battery cost.

Silicon (Si)-based electrodes are recognized widely 
for their high lithium-storage capacity, low delithia
tion potential, long discharge platform, environmental 
friendliness, and abundance on Earth. [110] Despite 
its potential, Si anode in LIBs faces challenges of

volumetric expansion during lithiation and low intrin
sic electronic conductivity. Yang et al. designed 
a novel free-standing Si/C anode consisting of yolk 
(Si)-shell (amorphous carbon) nanoparticles and car
bon nanofibers (Si@void@C/CNFs), via a facile route 
of template removal and electrospun (Figure 24). [111] 
Due to the confinement effect, the yolk-shell structure 
can effectively buffer large volumetric changes of Si 
nanoparticles during the discharge/charge process. 
The N-doped carbon fibers within the composites 
form a well-connected network, effectively increasing 
the number of active sites available for Li+ storage and 
promoting rapid electron transfer. The anode revealed 
high reversible capacity and excellent cycling perfor
mance, achieving a discharge capacity of 627.5 
mAh·g−1 with a 69.3% capacity retention after 100 
cycles at 0.1 A·g−1. Even at the current density of 
1000 mA·g−1, Si@void@C/CNFs anode maintained 
a high discharge capacity of 317.1 mAh·g−1.

Titanium dioxide (TiO2) is also a prospective inser
tion anode material because of the rich resource, 
environment friendly, and slight volume expansion. 
However, the low electronic/ionic conductivity within 
the bulk TiO2 leads to rapid capacity decay at high 
currents, which limits its large-scale application. To 
overcome these shortages, researchers explored var
ious functionalization strategies for TiO2-based elec
trodes. [112,113] The yolk-shell structures may 
provide a more facile platform to control hetero-com
positions or structures and storage spaces. For exam
ple, Yang et al. combined N-doped TiO2 nanosheets 
with the conductive substrate consisting of S-doped 
carbon and nickel metal into a special yolk-shell struc
ture of N-TiO2/S-C/Ni by a simple solvothermal pro
cess of MIL-125/nickel acetate/thioacetamide (TAA) 
mixture and pyrolysis. [114] The yolk-shell

Figure 23. The MOF template yolk-shell FeCu/nitrogen-carbon (as y-FeCu/NC) via a partial etching and annealing process as 
cathode catalyst for Zn-air battery. Reproduced with permission from ref. [106] copyright 2024 Springer.
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morphology ensures affluent active sites and short 
transport pathways for ions/electrons. The superiorly 
conductive Ni nanoparticles and the S-doped carbon 
provide an efficient conductive network for external 
electron transport. The abundant defects introduced 
by the N doping in TiO2 also facilitate ions/electrons 
migration within the structure. These synergistic 
advantages resulted in improved lithium-ion storage 
capacities of N-TiO2/S-C/Ni, which showed a capacity 
retention of 441mAh·g−1 after 300 cycles, rate capabil
ities of 649 mAh·g−1 at 0.1 A·g−1 and 212 mAh·g−1 at 
2 A·g−1.

Based on yolk-shell morphology, further engineer
ing on surface architectures or hybrid structures may 
also boost electrochemical performance for energy-

storage systems. Breaking through the conventional 
spherical hollow structures of yolk-shell morphology, 
Zhang and Liu et al. designed a special yolk-shell 
electrode with a ‘caterpillar with eggs’ (CWE) struc
ture, which consisted of mesostructured FeS2 NPs as 
yolks and assembled nanoneedles as shells, to be an 
anode for LIB (Figure 25). [115] The CWE FeS2 anode 
was derived from a 1D Fe3O4@SiO2 template by mag
netic field-mediated self-assembly. The needle-like 
shells were created through a hydrothermal reaction 
involving 1D Fe3O4@SiO2 and glycerin, resulting in 
the in-situ growth of densely packed FeOOH nano
needles on the surface of Fe3O4@SiO2. After SiO2 
removal and sulfidation, the yolk and shell trans
formed into FeS2, another attractive material for use

Figure 24. Fabrication of Si@void@C/CNFs composite as free-standing anode as free-standing anodes for lithium-ion battery 
through template-assisted growth and electrospinning. Reproduced with permission from ref. [111] copyright 2023 Elsevier.

Figure 25. Fabrication of mesostructured FeS2 with ‘caterpillar with eggs’ structure as anode for lithium-ion battery. Reproduced 
with permission from ref. [115] copyright 2022 royal society of chemistry.
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as an anode in LIBs. The voids and mesoporous shells 
may effectively alleviate the volumetric change upon 
charge-discharge, while the nanoneedles-assemblies 
provide rapid transport pathways for ions and elec
trons. The relatively large aspect ratio of the structure 
may also avoid large agglomeration and improve sta
bility. The CWE FeS2 anode displayed a high capacity 
of 805.1 mAh·g−1 after 500 cycles at 2 A·g−1 and stable 
performance at − 10 °C-45°C.

To improve the performance and stability of battery 
materials, Bajorowicz et al. carried out surface engi
neering with quantum dots (QDs) on yolk-shelled 
electrodes. [116] QDs were assembled on the ZnO/ 
NiO microspheres by solvothermal process. The pre
sence of QDs deposited on the ZnO/NiO hybrids 
could enhance electrical conductivity, lower charge 
transfer resistance, and provide more active sites due 
to heterojunction between QDs and ZnO/NiO. The 
resultant anode exhibited high reversible delithiation 
capacity of 912 mAh·g−1 at 18.6 mA·g−1 and excellent 
cycling performance with an average delithiation 
capacity of 525 mAh·g−1 at 372 mA·g−1 over 400 cycles 
for LIB.

3.3.3. Sodium-ion battery
Sodium-ion batteries (SIBs), which operate on 
a similar principle to LIBs, are emerging as 
a promising alternative to LIBs due to their rich 
sodium resources and low price. [117,118] However, 
the larger radius and higher atomic mass of Na+ can 
result in inferior reaction kinetics compared to Li+, 
making SIBs suffer from lower capacities, energy den
sity and cycle life performance. However, the larger 
radius and higher atomic mass of Na+ can lead to 
slower reaction kinetics than Li+, resulting in 
decreased capacities, energy density, and cycle life 
performance. Therefore, the development of SIBs 
needs the exploration of novel high-performance 
electrodes.

Among various electrodes for SIBs, transition metal 
selenides (TMSe) have attracted much attention 
because of their high chemical stability and theoretical 
capacity. [119] To address the challenge of TMSe 
shortages like poor conductivity, drastic volume 
change, and sluggish diffusion kinetics, TMSe with 
multifunctional components and innovative struc
tures, which include yolk-shell morphologies, were 
designed and constructed. Su et al. designed hybrid 
TMSe heterostructures with multi-yolk-shell struc
tures. Using PDA-covered ZnCo2-ZIF spheres as the 
templates, ZnSe/2(CoSe2) in N-doped carbon hexahe
dron (ZnSe/2(CoSe2)@NC) structures were formed 
after thermal annealing and selenidation. [120] The 
inflation force of intense gases from ligand decompo
sition could break the ZnSe/CoSe2 yolk into multi- 
yolks in the selenization process. The large void spaces 
among yolks could effectively adapt to the volume

change, reducing the structural stress to maintain 
structural stability. The reduced size of yolks may 
also enhance the heterojunctions between ZnSe and 
CoSe2, improving the electrochemical reaction 
kinetics for sodium storage, while the N-doped carbon 
shell could accelerate electron and sodium ion 
transport.

Yu et al. prepared FeSe2@CoSe2/FeSe2 yolk-shell 
structure from MIL-88A polyhedrons template by 
ion exchange and selenisation. [121] The CoSe2 and 
FeSe2 heterogeneous shells formed in situ could 
improve surface reaction kinetics and facilitate charge 
transport through an internal electric field. The hollow 
structure may allow better contact between the active 
sites and electrolytes and prevent the loss of inter
mediates. The resultant electrode exhibited high per
formance (510 mAh·g−1 at 0.2 A·g−1), superior rate 
capability (90% retention at 5 A·g−1), and good long- 
time cycling stability (78% capacity retention after 
1800 cycles at a high current density of 2 A·g−1).

Amorphous iron phosphate (FePO4) is treated as 
a feasible cathode material with high theoretical 
specific capacity and superior electrochemical rever
sibility, but suffering from poor rate capability and 
rapid capacity fading. [122,123] By implementing 
the appropriate nanoarchitectural design and func
tional integration, the electrochemical characteris
tics of the FePO4 cathode can be significantly 
enhanced. Shen and Zhou et al. reported 
a sagacious multi-step templating approach for 
amorphous FePO4 yolk-shell nanospheres (FePO4 
YSNSs) (Figure 26). [124] Through the acidification 
by HNO3, surface growth of FePO4 and air calcina
tion, carbon nanospheres (150 nm in size) were con
verted into FePO4 YSNSs with mesoporous 
nanoyolks and robust porous nanoshells. The duel 
porous nature of yolk and shells has been found to 
enhance electrolyte permeation and Na+ transporta
tion compared with the solid and hollow spheres. It 
may effectively mitigate the internal stress during 
repetitive sodiation/desodiation and diminish the 
diffusion length of Na+/electrons to advance the 
sodium storage kinetics. As a result, the FePO4 
YSNSs electrode demonstrated improved sodium 
storage performance with a high initial reversible 
capacity of 146.9 mAh·g−1 at a rate of 20 mA·g−1, 
outstanding rate capability of 74.3 mAh·g−1 at 1000  
mA·g−1, and excellent cyclic stability of 97.1 
mAh·g−1 after 1000 cycles at 100 mA·g−1.

Graphdiyne (GDY), a new carbon allotrope with 
a 2D planar structure composed of benzene rings 
connected by butadiyne linkers, possesses intrinsic 
18-C cavities uniformly distributed in its plane, allow
ing metal ions to migrate along the parallel and ver
tical directions of the carbon plane, beneficial for fast 
ion transport. [125,126] Based on the alloy-based 
anode of Sb, Yang et al. constructed yolk-shell
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Sb@Void@GDY nanoboxes (NBs) for high-rate and 
long-cycle life SIBs (Figure 27). [127] The 
Sb@Void@GDY NBs were synthesized via the in situ 
Glaser-Hay coupling, thermal reduction, and 
a nanoconfined galvanic replacement reaction. The 
dual voids from the inner Sb box and the yolk/shell 
design offer ample space to accommodate the volume 
expansion of Sb. It may also prevent the aggregation of 
Sb NBs owing to the confinement effect of the GDY 
shells. Moreover, the abundant intrinsic in-plane cav
ities in GDY could enhance ion transport. The 
Sb@Void@GDY NBs exhibited excellent rate capabil
ity and extraordinary cycling stability. When 
assembled into a full cell, it achieved a high specific 
power of 4 kWh·kg−1 and a specific energy of 235 
Wh·kg−1, which could successfully power up to 84 
LEDs.

Sodium superionic conductor (NASICON)-struc
tured Na3V2(PO4)2F3 (NVPF) material, with 
a unique open 3D frame structure, is considered 
highly desirable as a cathode material for SIBs. 
However, its inherent low electronic conductivity 
may cause degenerative cyclability and limited rate 
performance. Regulation of the crystal structure and 
interface is employed to improve the cyclability and

rate performance. [128] Gao et al. developed 
a distinctive yolk-shell construction of NVPF with 
copper substitution microspheres as the cathode for 
SIB. [129] The yolk-shell structured Na3V2-xCux 
(PO4)2F3@NC was synthesized using a facile spray 
drying method with the assistance of PVP and anneal
ing at 650°C. The incorporation of Cu ions into the 
yolk-shell structured NVPF led to an appropriate reg
ulation of crystal structure. With the N-doped carbon 
layer, the rate capacity and long-time cycling proper
ties of NVPF were shown to be effectively enhanced. 
The unique yolk-shell construction combining the 
regulation of crystal structure and the interface led to 
significantly enhanced intrinsic and interfacial con
ductivity of NVPF and promoted Na+ diffusion. The 
optimized yolk-shell structured cathode materials can 
possess a high capacity of 117.4 mAh·g−1 at 0.1 C and 
maintain a high-capacity retention of 91.3% after 5000 
cycles.

3.3.4. Lithium- or sodium-sulfur battery
As the energy density of current lithium-ion batteries 
is approaching its limit, developing new battery tech
nologies beyond lithium-ion chemistry is significant 
for next-generation high-energy storage. Lithium-

Figure 26. Fabrication of FePO4 mesoporous nanoyolks-shell spheres by a judicious multi-step templating strategy as cathode for 
sodium-ion batteries. Reproduced with permission from ref. [124] copyright 2020 Wiley.
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sulfur (Li-S) batteries, which rely on the reversible 
redox reactions between lithium and sulfur, appear 
to be a promising energy storage system to take over 
from the conventional lithium-ion batteries for next- 
generation energy storage owing to their overwhelm
ing energy density compared to the existing lithium- 
ion batteries today. [130] However, the poor electronic 
conductivity of sulfur-based cathodes and involved 
multielectron reactions may result in sluggish electro
chemical kinetics and limited cycling lifetime by shut
tling effect. Therefore, the electrode design of LSB 
electrodes, which is different from those of traditional 
LIBs, is essential to their practical applications. 
Various strategies have been developed to regulate 
sulfur-based cathodes by controlling the active mate
rial content, mass loading, conductive agent/binder, 
compaction density, electrolyte/sulfur ratio, and cur
rent collector, [13] etc.

Engineering a yolk-shell structure with a reserved 
buffering space for sulfur is an efficient strategy to 
overcome the conductivity and volume-change issues 
of the sulfur cathodes. Liu et al. designed a novel 
lamellar yolk-shell indium oxide(In2O3)@void@car
bon composite for encapsulating sulfur for the first 
time as a Li-S battery cathode. [131] The inner 
assembled dense In2O3 nanoflakes may form

numerous nanochannels to load sulfur and retain 
space for volume change. The highly graphitized con
ductive carbon hell could improve the conductivity of 
the overall microsphere. Owing to the lamellar inner 
configuration and enhanced adsorption capacity for 
polysulfides, the In2O3@S@C cathode displayed 
a good rate-performance, long-term cycling life with 
a low capacity decay rate (0.038%) after 1000 cycles at 
1.0 C, and stable electrochemical performances in 
a wide temperature range (−10-50 °C).

A polar yolk shell-based sulfur host with large ionic 
conductivity was proved to be able to withstand 
volume expansion and inhibit polysulfide dissolution 
in electrolytes because the polar materials in the nitro
gen-dope carbon shell can capture polysulfide and 
effectively restrain polysulfide diffusion by physio
chemical approach. Xu et al. synthesized hollow 
polar iron nitride nanoparticle encased N-doped car
bon yolk-shell (YS-Fe2N@NC) as a sulfur carrier 
through PDA coating, etching, doping N and S of 
a damson blue-shaped Fe2O3 precursor (Figure 28). 
[132] The encased Fe2N yolk and polar NC shell can 
accommodate sulfur and catalyze the polysulfides effi
ciently to enhance the reaction kinetics. The S/YS- 
Fe2N@NC electrode exhibited a higher specific capa
city of 1123 mAh·g−1 at the rate of 1 C, good rate

Figure 27. Fabrication of yolk-shell Sb@void@Graphdiyne nanoboxes as anode for sodium-ion battery. Reproduced with 
permission from ref. [127] copyright 2023 American Chemical Society.
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capability (845 mAh·g−1 at 2 C), and ultra-stable 
cycling performance for the sodium-sulfur battery.

3.4. For electrochemical sensing

The use of microanalytical tools for the measurement of 
chemical compounds is attractive for real-time on-site 
monitoring. Electrochemical sensors in various forms 
are the most employed sensor types due to the advan
tages of fast response, multiplexing capability, the abil
ity to miniaturize or wearable, and cost-effective etc. 
[133,134] The target analyte interacts with electrodes 
and/or receptors on electrodes in the sensing processes 
and converts the response into measurable signals upon 
the concentration changes. Electrochemical sensors can 
be categorized based on their signal types into ampero
metric, potentiometric, impedimetric, photoelectro
chemical, and electrogenerated chemiluminescence 
modes. The critical aspect of developing innovative 
electrochemical sensors depends on the design and 
preparation of electrode materials.

Carbon nanomaterials have attracted extensive 
scientific interest in the field of electroanalytical chem
istry. Compared to other inorganic functional materi
als, carbon nanomaterials typically have a superior 
structure, with high specific surface area, chemical 
stability, tunable surface functionalization, and good 
electron conductivity. This makes them excellent elec
trode materials for creating high-performance

electrochemical sensing platforms. To enhance the 
sensing performance of these carbon nanomaterials, 
the most common approach is to couple them with 
active components. Wu et al. proposed a facile chemi
cal etching/pyrolysis strategy to prepare multi-het
eroatoms doped yolk-shell porous carbon using 
common ZIF-8 as the precursor and phytic acid as 
the etching agent. [135] The carbon electrode com
posed of N-doped carbon frame core (N-CF) and N, 
P-doped porous carbon frame shell (N, p-CF) pro
vided a large electrochemical active area and pro
moted electron transfer kinetics. It thus displayed 
enhanced activity toward the oxidation of various 
target analytes, including organic pollutants (hydro
quinone and catechol), active pharmaceutical mole
cules (acetaminophen), and small biological 
molecules (dopamine and uric acid). A versatile sen
sing platform with high sensitivity and selectivity 
could be constructed for detecting hydroquinone, 
catechol, acetaminophen, dopamine, and uric acid.

Wu et al. constructed an electrochemical sensing 
system using a yolk-shell perovskite electrode of 
BaHo2Co3O8-x, which was prepared by hydrothermal 
process and calcination (Figure 29). [136] The structure 
possessed abundant defects such as oxygen vacancies, 
lattice dislocations, and lattice disorder, serving as 
active sites to facilitate electron transfer, the creation 
of free charge carriers, and high adsorption energy at 
the heterointerface. The BaHo2Co3O8-x electrode 
showed excellent electrochemical performance in

Figure 28. Fabrication of polar iron nitride nanoparticle encased N-doped carbon yolk shell structure (YS-Fe2N@NC) as sulfur 
carrier for sodium sulfur battery. Reproduced with permission from ref. [132] copyright 2022 Elsevier.
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detecting ractopamine (RPA), a significant β-agonist 
present as a residual contaminant in meat products 
with high selectivity, a low detection limit, good stabi
lity, a wide detection range, and reliability. Electrode 
displayed good electrochemical performance with high 
selectivity, low detection limit, stability, wide range, and 
reliability. The constructed sensor also demonstrated 
high accuracy in detecting RPA concentrations in 
human urine and raw pork meat.

H2O2, as a widely used oxidizing agent, holds signifi
cant importance in various fields including biomedicine, 
pharmaceuticals, and food applications. Detecting H2O2 
in concentrations ranging from micromolar to tens of 
millimolar can offer valuable insights into biological 
reactions during the above applications. Li et al. designed 
a novel class of Cu2O@Cu9S5 yolk-shell nanospheres for 
use as electrocatalysts in non-enzymatic H2O2 sensors. 
[137] These Cu2O@Cu9S5 yolk-shell nanospheres were 
prepared using Cu2O nanospheres as templates and via 
a disproportionation reaction with Na2S. The structure 
possessed well-sustained structural integrity, homoge
neous particle size distribution, and visible mesoporosity. 
The Cu2O core plays a primary electrocatalyst role, while 
the Cu9S5 shell facilitates the adsorption of H2O2 and 
charge transfer. The significantly improved electrocata
lytic activity for H2O2 made this electrode display 
a relatively wide linear range for electrochemical detec
tion of H2O2 from 0.1 μM to 3.5 mm with a high sensi
tivity of 299.74 μA·mM−1 cm−2, and low detection limit 
of 28.83 nM (S/N ≥ 3). It also showed good selectivity for

the H2O2 detection in the presence of 1 mm uric acid, 
1 mm ascorbic acid, 1 mm dopamine, and 1 mm NaCl.

In addition to being the main greenhouse gas, CO2 
is also toxic to humans as an asphyxiant and inhala
tion toxicant, posing a risk of causing numerous 
deaths in enclosed spaces. As a result, significant 
efforts have been made to develop CO2 sensors that 
can monitor air quality and enhance human health 
and safety in both indoor and outdoor settings. Metal 
oxide-based electrodes always showed low sensitivity 
towards CO2. Koziej et al. successfully constructed 
a low-temperature CeO2-based sensor with yolk-shell 
morphology for CO2 detection. [138] The yolk-shell 
CeO2 nanospheres with a cubic fluorite-type structure 
were synthesized using a straightforward microwave- 
assisted solvothermal method. As the void and porous 
nature of the nanoparticles facilitates the gas adsorp
tion/diffusion to active sites, the sensor showed high 
sensitivity at the low temperature of 100°C and in 70% 
relative humidity (RH). Its response and recovery time 
were 10 times faster than the commercial CeO2 
nanoparticles.

Triethylamine (TEA) is a volatile organic com
pound that is harmful and toxic to both the envir
onment and human health. It becomes flammable 
at 90°C and has a risk of explosion at a specific 
concentration when exposed to flames. Therefore, 
monitoring TEA gas by real-time sensors is essen
tial for safety concerns. Semiconductor metal oxide 
(MOS)-based gas sensors, for example, ZnO, SnO2,

Figure 29. The synthesis of the BaHo2Co3O8-x yolk-shell defective structures for electrochemical sensing of ractopamine (RPA) in 
pork meat. Reproduced with permission from ref. [136] copyright 2022 Elsevier.
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In2O3, WO3, CuO, Fe2O3, MoO3, NiO, etc, show 
many great potentials due to low cost and good 
sensing response. Due to its controllable morphol
ogy, high electron mobility, and excellent chemical 
and physical stability, ZnO is a promising candi
date for gas sensing applications and has been 
extensively studied to enhance gas detection cap
ability. Wang and Ma et al. fabricated the nitrogen- 
doped ZnO yolk-shell microspheres with mesopor
ous distribution by using glucose as a soft template 
and urea as the nitrogen source for and via hydro
thermal-annealing strategy (Figure 30). [139] The 
lattice distortion and more oxygen vacancy in 
N-doped ZnO and the larger surface area could 
facilitate the adsorption, dissociation, and ioniza
tion of the oxygen molecules to produce reactive 
oxygen. The resultant yolk-shell ZnO electrode 
revealed high sensitivity (133) to 100 ppm TEA at 
370°C and a low TEA detection limit of 1 ppm 
with a response value of 2.6. The study also 
demonstrated outstanding selectivity towards TEA 
compared to other substances of ethanol, methanol, 
acetone, formaldehyde, ammonia, and toluene. The 
sensor showed a low theoretical detection limit of 
42.4 ppb, rapid response (20 seconds), and recovery 
times (5 seconds).

4. Conclusions

Electrochemical processes are of utmost importance in 
terms of green manufacturing, energy storage/conver
sion, and precise sensing, which may greatly impact

the development of a sustainable society. Advanced 
electrode materials are the key to achieving high-effi
ciency electrochemical applications. So far, numerous 
nanostructures ranging from 0D to 3D in scale have 
demonstrated prominent performances in electroche
mical applications. The yolk-shell nanostructures 
represent a unique scaffold with combined advan
tages, such as low density, large surface area, high 
loading capacity, bi-functional interior/exterior, tun
able void space, and multi-sized porous shell. These 
structural features showed great significance in enhan
cing the activity of electrodes and rendering unex
pected high performance in the electrochemical 
processes. This review highlighted the state‐of‐art pro
gress of the yolk‐shell nanostructures with different 
compositions and architectures for main electroche
mical applications and summarized the yolk‐shell 
electrodes according to the architectural types to 
make a clear relationship of morphology-fabrication- 
functions.

Nanoarchitectonics, as a post-nanotechnology con
cept, has been extensively utilized in the design and 
fabrication of novel electrode materials by architecting 
atoms, molecules, and nanomaterials as building blocks. 
Since both compositions, dimensions, morphologies, 
microstructures, and interfaces of electrodes may 
induce diversities on basic chemical/physical properties 
and application performance, the construction of het
ero-nanoarchitectures by combining different nano- 
units and controlling their spatial arrangements within 
confined spaces is highly desired but challenging. 
Manipulating hetero-nanoarchitectures at a higher

Figure 30. Nitrogen-doped ZnO yolk-shell microspheres for gas sensing of triethylamine. Reproduced with permission from ref. 
[139] copyright 2023 Elsevier.
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level could also enhance our understanding of synergis
tic mechanisms in electrochemical processes, which in 
turn, could drive the advancement of structural designs 
for optimized performance. The yolk-shell structures 
offer an ideal structural platform for exploring innova
tive configurations through molecular design and self- 
assembly of different nano-units and studying different 
effects on catalytic activity for developing novel cost- 
efficient electrode materials.

Despite extensive development on yolk‐shell 
nanostructures, the precise regulation of nanofea
tures of yolk-shell architectures is still difficult. The 
comprehensive guidelines on electrode selection for 
electrochemical applications are also unavailable 
because of the complexity of fabrication techniques 
for electrodes. To realize the practical application 
of yolk-shelled electrodes, it is also crucial to 
explore feasible scalable synthesis technology, facile 
experimental procedures, and readily available raw 
materials. With a more comprehensive understand
ing of structure effects from yolk-shell architectures 
and extensive development in materials science and 
nanotechnology, the innovation of next‐generation 
yolk-shelled structures should continue to advance, 
which may prove more significant for various elec
trochemical applications.
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